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A monoclonal antibody (A4.85) which reacted with Fe-regulated proteins of Neisseria meningitidis, was used
to isolate a Agtll clone from N. meningitidis FAM20. Chromosomal fragments flanking the fragment
expressing the A4.85 epitope were cloned, and their DNA sequences revealed a 3,345-bp open reading frame
predicting a 122-kDa protein. This gene was namedfrpA (Fe-regulated protein). A computer similarity search
of GenBank revealed high levels of similarity to members of the RTX family of cytotoxins, especially in a region
of tandem 9-amino-acid repeats. These repeats are found in all members of the RTX family; similar repeats
were present 13 times in the predicted FrpA protein. Antigenic relatedness between the meningococcal proteins
and the RTX proteins was demonstrated by the reactivity of A4.85 with Escherichia coli hemolysin (HlyA) and
BordeteUla pertussis adenylate cyclase-hemolysin (CyaA). Similarily, FrpA was recognized by 9D4, a mono-
clonal antibody directed against B. pertussis CyaA. In addition to thefrpA gene, a second gene (frpC) produced
a larger RTX-related protein. ThefipA andfpC loci were mutagenized in strain FAM20, resulting in the loss
of RTX-related proteins. A 120-kDa protein was expressed from the reconstructedfrpA gene in E. coli. The
biological function of FrpA is unknown, but its similarity to other RTX toxins suggests that it may play an
important role in the pathogenesis of meningococcal infection.
Neisseria meningitidis (meningococcus) is a serious bac-
terial pathogen that infects only humans. Meningococcal
disease may have a rapid, devastating course despite prompt
medical treatment. Infections of the bloodstream (meningo-
coccemia) or the meninges (meningitis) are characterized by
a great deal of vascular and tissue damage. Although this
damage is not completely understood, it is thought to be due
mainly to the effects of meningococcal lipopolysaccharide
(13). There has been no demonstration of a meningococcal
exotoxin. Other putative virulence factors include pili (36,
46) and a polysaccharide capsule (35).
In a number of bacteria, the availability of Fe regulates the
expression of proteins, including proteins involved in Fe
acquisition systems (39) and several toxins, including
Pseudomonas aeruginosa exotoxin A (3), Shiga-like toxin I
of Escherichia coli (40), and Corynebacterium diphtheriae
toxin (52). When N. meningitidis is grown under Fe-limited
conditions, it also expresses a number of outer membrane
proteins in increased quantities (4, 13, 16). The level of free
Fe in the human bloodstream is very low (5), and a human
immune response to meningococcal Fe-regulated proteins
occurs during infection (4). Some of these Fe-regulated
proteins, including approximately 95- and 68-kDa proteins
associated with the meningococcal transferrin receptor (47)
and a 36-kDa periplasmic Fe-binding protein designated Fbp
(38), may be involved in Fe uptake in vivo. The functions of
the other Fe-regulated proteins are unknown.
The RTX family of cytotoxins is a group of related protein
toxins found in many gram-negative pathogens. This family
includes hemolysins of E. coli (HlyA) (17) and Actinobacil-
luspleuropneumoniae (7, 21), Bordetella pertussis adenylate
cyclase-hemolysin (CyaA) (23), and leukotoxins of Pasteu-
rella haemolytica (LktA) (32) and Actinobacillus actino-
mycetemcomitans (AaLtA) (29, 31). These proteins have in
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common a tandem series of 9-amino-acid repeats near their
carboxy termini, with the consensus sequence Leu-Xaa-Gly-
Gly-Xaa-Gly-(Asn/Asp)-Asp-Xaa. All members of the RTX
family have the ability to lyse erythrocytes and/or nucleated
cells (54), and the importance of some of these cytotoxins as
virulence determinants has been established (24, 53, 55, 56).
This work details the unexpected finding of an Fe-regu-
lated meningococcal protein that is related to the proteins
belonging to the RTX cytotoxin family.
MATERIALS AND METHODS
Bacterial strains and growth conditions. N. meningitidis
FAM20 (15) and derivatives were grown on GC base medium
(Difco Laboratories, Detroit, Mich.) containing Kellogg's
supplements I and II (28) in an atmosphere of 5% CO2 and
95% air. Fe-limited growth of meningococci in modified
Chelex-treated defined medium in nitric acid-washed glass-
ware was as described previously (59). Antibiotic-resistant
meningococcal strains were selected with 5 ,ug of erythro-
mycin per ml and/or 100 ,ug of streptomycin per ml.
The E. coli strains used were XL-1 Blue (Stratagene, La
Jolla, Calif.), Y1090 (60), W311OAlac, and W3110frAlac
(10). These strains were grown in Luria-Bertani medium (34)
containing 50 ,ug of ampicillin per ml, 300 ,ug of erythromycin
per ml, and/or 50 ,ug of streptomycin per ml, as needed.
MAb production. To obtain monoclonal antibodies
(MAbs), hybridoma cell lines producing antibodies against
meningococcal outer membrane proteins were produced by
immunizing BALB/c mice intraperitoneally with purified
outer membranes isolated from meningococci and gonococci
grown in Chelex-treated defined medium without added Fe.
Spleen cells from these mice were fused with mouse SP2.0-
AG14 myeloma cells by standard procedures (25). Culture
supernatants were screened by an enzyme-linked immu-
nosorbent assay and immunoblotting for antibodies directed
812 THOMPSON ET AL.
against Fe-regulated outer membrane proteins. A hybridoma
designated A4.85 was cloned twice by limiting dilution.
DNA techniques. Restriction enzymes, the Klenow frag-
ment of DNA polymerase I, and T4 DNA ligase were
purchased from either Bethesda Research Laboratories
(Gaithersburg, Md.), or New England Biolabs (Beverly,
Mass.) and were used according to the manufacturers'
instructions. Gigapack A packaging extracts were purchased
from Stratagene. DNA transformations of E. coli were done
by the method of Maniatis et al. (34). Transformations of
piliated N. meningitidis were done as previously described
(2). The SAT30-33 hybridization probe was generated by the
polymerase chain reaction (45) by using pUNCH210 and
oligonucleotides SAT30 (5' GCACCGCCACCGGTTGGG
TT 3') and SAT33 (5' GCCAAATCGCCGGACAATGC 3')
as polymerase chain reaction primers.
Library construction. A library of N. meningitidis FAM20
was created in the expression vector Agtll (60) by sonicating
chromosomal DNA and selecting fragments that were 300 to
1,000 bp in size. The fragments were end repaired by using
the Klenow fragment, ligated with EcoRI linkers (Bethesda
Research Laboratories), and then ligated with EcoRI-di-
gested Xgtll. Ligated Agtll DNA was packaged and plated
on E. coli Y1090 (60). Plaques were transferred to nitrocel-
lulose filters and were screened for reactivity with MAb
A4.85 (60).
XZAPII was purchased from Stratagene and was used to
prepare three libraries. The first library was made by digest-
ing strain FAM20 chromosomal DNA to completion with
Sau3AI and then filling in the ends by using the Klenow
fragment. The second library was made by digesting FAM20
chromosomal DNA to completion with HincII; EcoRI link-
ers were ligated to the ends of both types of fragments,
which were then ligated to EcoRI-digested XZAPII. The
third library was prepared from FAM20 DNA digested with
SpeI and NheI. Separation of the fragments by pulsed-field
gel electrophoresis and transfer of the DNA to a type
BA-S85 membrane (Schleicher & Schuell) were done as
previously described (11) by using a contour-clamped homo-
geneous electric field apparatus (8). The fragment of interest
was identified by hybridization. This fragment was subse-
quently electrophoresed from the gel onto DE81 DEAE-
cellulose paper and was purified as previously described (9).
This DNA was digested with ClaI, and the ends were filled in
by using the Kienow fragment. The resulting preparation
was ligated with XZAPII which had been digested with
EcoRI and then treated with the Klenow fragment. The
XZAPII libraries were packaged and used to infect E. coli
XL-1 Blue. Following identification of the desired clones in
these libraries by hybridization, each clone was excised onto
a pBluescriptII plasmid by the addition of VCS-M13 helper
phage, according to manufacturer's instructions (Strata-
gene).
DNA sequence analysis. Exonuclease III deletions were
generated by the method of Ozkaynak and Putney (41). The
DNA sequences of the deletion products were determined
by using a Sequenase kit supplied by United States Bio-
chemical Corp. (Cleveland, Ohio) and double-stranded DNA
templates (30). Each DNA sequence was determined by
using the Staden program (50); DNA and protein sequences
were analyzed by using the University of Wisconsin Genet-
ics Computer Group DNA analysis programs (12). Gap limits
were set at 500 bases to allow alignment of long DNA
sequences by the Gap program.
Mutagenesis. Shuttle mutagenesis of the pUNCH202 insert
was done by the method of Seifert et al. (48, 49), using
mini-Tn3erm (mTn3erm) as the minitransposon for menin-
gococci (52a). Sites of transposition were identified by DNA
sequence analysis, using sequencing primers corresponding
to the DNA adjacent to the 38-bp inverted repeats of
mTn3erm.
The Q1 fragment is a 2.0-kb DNA fragment containing a
selectable streptomycin resistance gene flanked by transcrip-
tional and translational termination signals (44). Insertion of
this fragment into a coding sequence interrupts protein
expression. The fl fragment was isolated from pHP45fQ as a
2.0-kb BamHI fragment. This fragment was ligated with
pUNCH210 which had been linearized at the BamHI site
within the coding region offipA (see Fig. 2). This construct
was used to transform N. meningitidis. Since this plasmid
does not replicate in N. meningitidis, fl-mediated strepto-
mycin resistance results only from homologous recombina-
tion of the Q fragment into the N. meningitidis chromosome.
Reconstruction ofppA gene in E. coli. The fipA gene was
reassembled in E. coli as follows. Ligation of the gel-purified
6.2-kb EagI fragment of pUNCH210 (containing the 5' end
of the fipA gene) with the gel-purified 2.0-kb EagI fragment
of pUNCH206 (from the EagI site near the 3' end of thefpA
gene to an EagI site in the vector) resulted in pUNCH216.
The accuracy of the gene reconstruction was verified by
restriction analysis and by DNA sequencing of the ligation
junctions.
Protein techniques. Polyacrylamide gel electrophoresis,
transfer of proteins to NitroPlus membranes (Micron Sepa-
rations, Inc., Westboro, Mass.), and immunoblotting were
done as previously described (6, 25). A4.85 hybridoma
culture supernatants were used at a dilution of 1:10. 9D4
ascites fluid (used at a dilution of 1:1,000) and purified B.
pertussis adenylate cyclase toxin (CyaA) were generously
provided by Erik Hewlett.
Toxicity assays. Hemolysis was assayed either by plating
Fe-stressed meningococci on human or sheep blood agar
plates or by incubating Fe-stressed whole cells or sonicates
with erythrocytes in a liquid assay (18). Human neutrophils
were isolated as previously described (19). The toxicity of
Fe-stressed meningococci for neutrophils was assayed by
trypan blue exclusion, by release of lactate dehydrogenase
(1, 14) or 51Cr (29), or by inhibition of superoxide production
in response to opsonized zymosan (43). The effect of CaCl2
concentration was investigated by including 0 or 10 mM
CaC12 in each experiment.
Nucleotide sequence accession number. The DNA sequence
reported here has been submitted to the GenBank data base
(accession no. L06302).
RESULTS
Isolation of the gene encoding an iron-regulated protein. To
study Fe-regulated outer membrane proteins in N. meningi-
tidis FAM20, we isolated a MAb (MAb A4.85) that reacted
with meningococcal outer membrane proteins whose level of
expression increased under Fe-limited growth conditions.
Unexpectedly, A4.85 bound to multiple antigens in Fe-
stressed cultures of FAM20; these antigens ranged in size
from 85 to more than 200 kDa (see below). A Xgtll clone
designated X4.85 that contained a 360-bp insert expressing an
A4.85 epitope was isolated (Fig. 1). The 360-bp insert was
used as a hybridization probe to identify a XZAPII clone
(X202) containing an overlapping 1.6-kb Sau3AI fragment
(Fig. 1). Southern blot analysis using this clone as a probe
against genomic digests suggested the presence of two
copies of the pUNCH202 insert in the FAM20 chromosome.
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FIG. 1. Restriction map of thefipA locus and clones used in this study. The position of thefipA ORF is indicated below the physical map.
B, BamHI; C, ClaI; E, EcoRI; Ea, EagI; H, HincII; S, Sau3AI; Sp, SpeI. The asterisks indicate the positions of a ClaI site that is blocked
by overlapping dam methylation and is not cut in either dam' E. coli or N. meningitidis FAM20. Only Sau3AI sites relevant to cloning are
shown. The arrows indicate the locations of the 9-amino-acid repeats (see text). Also shown are the positions of oligonucleotides SAT30 and
SAT33, which were used in polymerase chain reaction amplification of the SAT30-33 hybridization probe.
To verify this, we performed pulsed-field DNA electrophore-
sis of genomic DNA digested with BglII, SpeI, and NheI
(11). The gel was transferred to a BA-S85 membrane and
probed with pUNCH202. The presence of two DNA frag-
ments hybridizing to the pUNCH202 insert in each restric-
tion digest indicated that at least two copies of the DNA
encoding the A4.85 epitope were present (Fig. 2).
A XZAPII recombinant (X206) containing a 2.6-kb EcoRI-
to-HincIl fragment of the FAM20 chromosome was isolated
by hybridization with pUNCH202. The DNA sequence of
this fragment (pUNCH206) (Fig. 1) revealed that the insert
contained the 3' end of a large open reading frame (ORF).
Since more than one copy of DNA homologous to
pUNCH202 was present in the FAM20 chromosome, care
was taken to clone a contiguous chromosomal fragment
containing the 5' end of the pUNCH206 ORF. We gel
purified the NheI-SpeI fragments hybridizing to pUNCH202
for restriction analysis and cloning. Restriction analysis
showed that the pUNCH206 insert arose from the small
NheI-SpeI fragment hybridizing to the pUNCH202 probe
(Fig. 2, lane 2). A 4.3-kb SpeI-ClaI fragment isolated from
the gel-purified small NheI-SpeI fragment was cloned into
XZAPII (yielding X210) and was identified by hybridization
with the pUNCH206 insert (Fig. 1).
Features of DNA sequence. The adjoined DNA sequences
of pUNCH210 and pUNCH206 revealed the presence of a
3,345-bp ORF, which was designated fipA (Fe-regulated
protein) (Fig. 3). The base composition of the ORF was
43.5% guanine plus cytosine (G+C), a value slightly lower
than that for the meningococcal genome (50% G+C [58]).
Codon usage was typical of neisserial genes (58). The ORF
was preceded by several potential promoter sequences. A
16-bp sequence overlapping the two most likely promoter
sequences had similarity to the Fur box involved in Fur
protein-responsive regulation of Fe-regulated E. coli pro-










FIG. 2. Hybridization of 32P-labeled pUNCH202 with a contour-
clamped homogeneous electric field gel of N. meningitidis FAM20
chromosomal DNA digested with the indicated restriction enzymes.
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- 35* - 10*
-35 - 10
CTTTATTAGTTTATTTTTAATATTTTTACCTCTTATATTTACCATAAGAGAGCTAATTGATTCAsTATTATATTAG CTATr CTT AATTTT AATTCCTCACGTTATTTT
Fur BOx
TTTAATTTACTT GCCAGTATGACATCTGCAATTTTAATATTAACCGTTTTGGAGTCTCT ATTACACCCTATTCACCACTCTTGGGATATAAGTTCGGGTTCATTT
RSS M.tThrs.rAlaAsnPheAsnIl1AanGlyPheGlyAspVal LysLeuThrP roTyrS.rProL.uILuGlyTyrLysAlaTrpAspSerPhe
ATTGMTCTATTTCAATCCTTATTATCTCTATCoTAT GGGTATAGMTAAATCTATAWUTGGAATTACTGSTuTAATGCTATCCAAGCTGCAGATAGCTTTTTAGCACATTGCA




GlnGlnAla IleGlyAsp ll.PheIl.AlaAlaGlyAspGlyLuGClnTyrI l*LysGlnGlnThrGluAlat.tAlaGlnSerLysPheL.uProThrLysL.uLyaThrGlyL.uAsn
GATGTCCSTTATTCTAsGATGCTAASACCTCTACTCTTTTACACATGhATTGAATTAiTTTGGGATTTAAAATMACACATTATGGACGAGAGGCTTGCGCCATCTASTAATAAATA
spVGlLuAGnSrArqtTLyuLysSerSrThrVrlLuGlnHi GluL uAsnTyrLuGlyPh LYsIleLysAspTyrGlyAsnGluArgLAuGlyGluS-rIltAJnlle
GATGATTTTAICACCACTAAGATACCACTTTTTCGGATCCTGATACATACAGCAyTGTATTAGICoATATCTAGGTTTATATATTCCTTAGTTCCTGATGATCAAACCCTTGG
AspAspPheThrProS-rLysllUlAsnPhPheAl&AspProAspThrTyrS-rAsnV lL uGluGluValSorArgPhe IllTyrSerLAuValP roAispAspAlaAnProTrp
AAAGGGGC;CGRGATTATATTGACGAGGTAAGTGAATGGGGACAGTTACTGGAAATCGTATAAMCAAGATTTTCTCCCTTATCTTGAA AAGATGGGACCAATTTCCGATTT
Ly*GlyGlyGlulspTyr IleGlyArgGlyIl-S*rGluTrpGlyGluL uLAuGluLysTrpTyrLysGlnAspPh L uProTyrLouGluLysGluTrpAspGlnPh*P roLysPh*
GAAGTTGGCTGCCTGAATTCCCTGATaCCGGCAACAAGTGGTTGAAATTAGATCCCAAACGTTCAGGCAAATATCATGTCTACGACCCCCTCGCCCTAGATCTAGACGCGACGTATA




AsnGlyI 1o I 1-spPLnGlyAlaGluLouPheGlyAspsnThrLysL uAlaAspGlySerPh-AlaLysHisGlyTyrAl&AlaLuAlaGluLuAspS rA*nGlyAspAsnI1
ATCAACGCGGCAGACGCCGCATTCCAAACCCTGCGTGTATGGCAGGATCTCAMCCAGGACGGCATTTCCCAAGCTAATGAMTTGCGTACCCTTGMAGMTTGGGTATCCAATCTTTGGAT
-. au I AA_LfflF_w__ ___.P__o___L %.w_wvw _R% AA __P _vw __%% _,l . . . .. . . . . .. .. _. _







792 Ph GlyLysGlyPh GlyGlnAspThrValTyrAsnTyrAspTyrAlaThrGlyArgLysAspIloIleArgPhoThlrAspGlyIleThrAlaAsptXtL uThrPh-ShrArgGluGly
AMCCATCTTCTTATCAAGGCAU-GACGACAGTGGACAAGTGACTGTTCAGTCCTATTTCCAGzACGATGGCTCAGGTGCTTACCGTATCGATGAGATTCATTTCGATAMCGCAACTA








L uAspValAl&ThrV lLysGuluuValGlnGlnS-rThrAspGlySerAsp ArgL& uTyrAlaTyrGlnSerGlySerThrser l
4
GCCCGACCGGGATGACCTGCTGAATGGTGATGCAGGCAACGACAGTATCTACAGTGGCAATGGCAATGATACGCTCGATGGAGGAGAAGG;CAACGACGCCCTGTACGGCTATMSTGGTAACAlnkmptnyAmnAnepsrTTrSeaiXmn Xa &a ystAaylglX ul Anel
5 6 7 6 9
GATGCACTGAMTGGTGGCGCMGGCAMTGATCATTTGAACGGCGAAGACGGTAACGACACTCTAATCGGCGGTGCAGGCAMTGATTACTTGGAGGGCGGCAGCGGTTCGGATACTTATGTC
*n lT ry . ruTlrlvTyrVal
10 11 12 13
TTCGCGACMGGCTTCGGTCACGGTACGGTCTATAATTACCATGTGGATAAAACTCTGACACTATGCACTTThUAGGATTTMAAGCAGCAGATGTTCATTTTATCCGTTCCGGMCGTGAT






































FIG. 3. DNA sequence of theftpA gene and the deduced amino acid sequence. Nucleotides are numbered on the right, while amino acids
are numbered on the left. The features indicated include two potential -35/-10 sequences, the putative Fur box overlapping the promoter,
and the ribosome binding site (RBS). The 13 9-amino-acid repeats are shown at amino acid positions 763 to 789 and 900 to 989. The positions
of insertion of the fl fragment (solid triangle) and mTn3erm (arrow) are after nucleotides 759 and 2356, respectively. The transcriptional
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TABLE 1. Levels of similarity for fipA and FrpA of N. meningitidis and genes and proteins of selected RTX family members, as
determined by the Gap program of the University of Wisconsin Genetics Computer groupa
fipA or FrpA cyaA or CyaA hlyA or HlyA WktA or LktA prtB or PrtB
Gene or protein % of identical % of identical % of identical % of identical % of identicalQuality nucleotides or Quality nucleotides or Quality nucleotides or Quality nucleotides or Quality nucleotides or
score similar amino score similar amino score similar amino score similar amino score similar amino
acids acids acids acids acids
N. meningitidis frpA or 1031 39 1031 39 973 39 489 38
FrpA
B. pertussis cyaA or CyaA 465 51 931 36 868 36 494 40
E. coli hlyA or HlyA 403 49 513 52 1390 53 461 39
P. haemolytica 1ktA or 362 46 492 53 744 66 456 39
LktA
E. chrysanthemi 197 50 197 47 195 49 181 48
prtB or PrtB
a The values above the diagonal are values for DNA comparisons, and the values below the diagonal are values for protein comparisons.
b The quality score was determined by measuring the length and quality of similarity between DNAs or proteins, using the following values: gap weight, 3.0;
length weight, 0.1.
another neisserial Fe-regulated gene (37). A ribosome bind-
ing site was present 7 bp upstream from the ATG initiation
codon. A putative rho-independent transcriptional termina-
tor was found 30 bp after the stop codon.
The ORF predicted a 122-kDa protein that did not contain
a typical E. coli sec-dependent signal sequence. Thirteen
copies of a repeating 9-amino-acid motif with the consensus
sequence Leu-Xaa-Gly-Gly-Xaa-Gly-(Asn/Asp)-Asp-Xaa
were predicted at amino acids 763 to 789 and 900 to 989. A
computer similarity search of translated GenBank DNA
sequences by the method of Pearson and Lipman (42)
revealed similarity between the peptide repeats and similar
repeats found in the RTX family of cytotoxins, as well as in
a related family of extracellular proteases. The repeats are
necessary for hemolytic activity of E. col HlyA (18) and are
thought to be the site of Ca binding (33, 57). The predicted
FrpA protein did not contain any cysteine residues, a
characteristic shared with most RTX proteins (54).
The frpA gene and FrpA protein exhibited the highest
overall level of similarity to B. pertussis cyaA and CyaA,
somewhat less similarity to E. coli hlyA and HlyA and P.
haemolytica lktA and LktA, and the lowest level of to
Erwinia chrysanthemiprtB and PrtB (Table 1). The similar-
ities between FrpA and other RTX proteins appeared to be
limited for the most part to the amino acid repeats, with no
large regions of similarity found in other parts of the pro-
teins.
Cross-reactivity of FrpA and RTX proteins. MAb A4.85
reacted with both E. coli HlyA and B. pertussis CyaA (Fig.
4, lanes 3 and 4), and a MAb (9D4), specific for B. pertussis
CyaA, reacted with Fe-regulated meningococcal proteins
(Fig. 4, lane 6) in immunoblot analyses. Interestingly, 9D4
did not react with an 85-kDa meningococcal protein that was
recognized by A4.85. Proteins that reacted with MAbs A4.85
and 9D4 were highly susceptible to proteolysis; this degra-
dation occurred even in the presence of protease inhibitors
(data not shown).
Construction of meningococcal mutants lacking RTX pro-
teins. Since two chromosomal genes encoded RTX-related
proteins, we mutagenized each gene individually. The fipC
gene was mutagenized by shuttle mutagenesis (48, 49), a
procedure in which a cloned gene is mutagenized in E. coli
and then used to replace its wild-type allele in the parent
meningococcal strain. A pUNCH202 (Fig. 1) derivative was
selected after shuttle mutagenesis in E. coli that contained
mTn3erm at nucleotide 2356 of the fipA locus (Fig. 3).
Introduction of the mTn3erm-mutagenized pUNCH202 in-
sertion into the FAM20 chromosome by transformation and
homologous recombination resulted in FAM69. We used
Southern analysis to show that mTn3erm had recombined in
FAM69 into the 2.0-kb ClaI-SpeI fragment (Fig. 5, lanes 2
and 5). This locus was designated frpC. FAM69 no longer
produced the largest 9D4-reactive proteins (Fig. 4, lane 7),
but did produce a 120-kDa protein similar in size to the FrpA
protein predicted by the pUNCH216 ORF.
A strain mutated in the fipA ORF was constructed by
using the fl fragment (44). The fl fragment was inserted into
pUNCH210 at the unique BamHI site located at position 759
of thefpA DNA sequence (Fig. 3). This construct was used
to transform N. meningitidis FAM69 to streptomycin resis-
tance. Southern blot analysis of the resulting strain (FAM70)
verified that the fl fragment had recombined with the 4.3-kb
ClaI-SpeI fragment containing thefipA gene (Fig. 5, lanes 3
and 9). FAM70 did not produce any 9D4-reactive proteins
(Fig. 4, lane 8). We concluded that fipA and fipC were the
only genes encoding RTX proteins in strain FAM20. Inter-
ruption of fipA resulted in loss of the 120-kDa protein,
consistent with the predictions derived from the fipA DNA
sequence. To further verify that the ORF predicted by the
frpA DNA sequence was accurate, we reassembled the
intact frpA gene in E. coli W311OAlac. The 2.0-kb EagI
fragment of pUNCH206 containing the 3' end of the frpA
gene was inserted into the unique EagI site within the frpA
coding region of pUNCH210 (Fig. 1). MAb 9D4 reacted with
a 120-kDa protein in whole-cell immunoblots of E. coli
W311OAlac containing pUNCH216, but not with E. coli
W311OAlac containing the vector alone (Fig. 4, lanes 9 and
10). Smaller proteins reacting with 9D4 (Fig. 4, lane 9)
probably represent breakdown products of FrpA in E. coli.
We performed preliminary hemolytic and cytolytic tests
with Fe-stressed N. meningitidis FAM20. We were not able
to demonstrate lysis of human or sheep erythrocytes by
strain FAM20 and could not detect toxicity for human
neutrophils.
DISCUSSION
Studies aimed at ascertaining the functions of meningo-
coccal Fe-regulated proteins unexpectedly revealed that
there were two genetic loci encoding proteins related to the
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FIG. 4. Immunoblots demonstrating antigenic relatedness of FrpA and RTX proteins. Proteins were probed with A4.85 (A), 9D4 (B), or
no primary antibody (C). The protein samples used were whole-cell lysates of N. meningitidis FAM20 (wild type) grown under Fe-sufficient
conditions (lanes 1 and 5) or Fe-deficient conditions (lanes 2, 6, and 13), N. meningitidis FAM69 (fipC mutant) grown under Fe-deficient
conditions (lane 7), N. meningitidis FAM70 (fipA fipC mutant) grown under Fe-deficient conditions (lane 8), E. coli W311OAlac containing
the reassembled fipA gene in pUNCH216 (lanes 9 and 14) or pBluescriptlI (lane 10), and E. coli WAM582 (HlyA+) (lanes 4 and 12) and
purified B. pertussis CyaA (lanes 3 and 11). The positions of molecular size standards are indicated on the left.
RTX family of cytotoxins. The complete DNA sequence of
one of these genes (fipA) predicted a 122-kDa protein (FrpA)
that had several structural features similar to features of
RTX proteins. Most striking was the conservation of the






FIG. 5. Southern blots demonstrating placement of mutagenic
fragments within thefipA andfipC loci. Chromosomal DNA samples
were digested with ClaI plus SpeI and were probed with 32P-labeled
SAT30-33 (lanes 1 through 3), the ermC marker of mTn3erm (lanes 4
through 6), or Ql fragment (lanes 7 through 9). The DNA samples used
were N. meningitidis FAM20 (lanes 1, 4, and 7), N. meningitidis FAM
69 (lanes 2, 5, and 8), and N. meningitidis FAM70 (lanes 3, 6, and 9).
9-amino-acid repeats found in the C-terminal one-third of the
protein. Another feature of FrpA was the lack of a conven-
tional signal sequence. This is also typical of RTX proteins,
whose secretion depends on a conserved set of accessory
genes (e.g., E. coli hlyB, hlyD, and toiC), as well as on
signals contained in the carboxy terminus of the toxin. RTX
secretion genes similar to E. coli hlyB and hlyD are usually
located immediately downstream from hlyC-like genes (ac-
tivation of protein A) and hlyA-like genes (54) in a transcrip-
tional unit of hlyCABD. An inverted repeat is commonly
found between the hlyA-like and hlyB-like genes (17, 20, 51).
We did not find DNA sequences similar to either hlyC or
hlyB flanking the fipA gene, although we have sequenced
only 113 bp past the 3' end of thefipA gene. If genes similar
to hlyC, hlyB, and hlyD exist in FAM20, it appears that they
may be organized differently.
The sequence similarity between FrpA and RTX proteins
was substantiated by the reactivity of FrpA with MAb 9D4,
which recognizes an epitope in the repeat regions of RTX
proteins (32a). Moreover, MAb A4.85, which was used to
isolate the meningococcalfrpA gene in an expression library,
recognizes many other RTX proteins (Fig. 5) (32a).
Studies are currently under way to investigate the differ-
ences between the proteins expressed from the fipA and
ftpC genes. The presence of two copies of RTX genes within
a single strain has been demonstrated previously. Many
uropathogenic E. coli isolates have duplications of hemoly-
sin genes (26). More interestingly, different serotypes of A.
pleuropneumoniae express different forms of RTX proteins,
which vary in their cytolytic activities on erythrocytes and
leukocytes (21, 22, 27). The proteins expressed from fipA
and frpC were quite different in size, although preliminary
DNA sequence data for thefipC gene shows large regions of
identity between the two genes (data not shown). It is
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conceivable that the FrpA and FrpC proteins might have
somewhat different functions. We reasoned that a hemolytic
or toxic function associated with FrpA or FrpC might not
have been observed previously because of the low level of
expression of these proteins under typical (Fe-replete) labo-
ratory growth conditions. However, we were unable to
demonstrate lysis of either human or sheep erythrocytes by
Fe-stressed meningococcal strain FAM20 (data not shown).
Likewise, we did not observe toxicity for human neutrophils
under our assay conditions (data not shown). It was apparent
that FrpA and FrpC were extremely susceptible to proteo-
lytic cleavage, since under no conditions were we able to
inhibit their degradation. Whether this was due to nonspe-
cific lability or to specific processing is not known, but it may
have been a factor in our inability to detect a toxic function
for the meningococcal RTX-related proteins. We have not
yet done studies investigating possible proteolytic activities
associated with FrpA and FrpC, such as those that occur
with some RTX proteins. Alternatively, the lack of toxicity
may have been due to our use of an inappropriate cell type,
since other RTX proteins have strict cell type specificities
(54). Whatever the case, further studies need to be pursued.
A number of neisserial proteins are regulated by the
availability of Fe in the environment. Fe regulation in
Neisseria gonorrhoeae (and probably N. meningitidis) may
be mediated by a system similar to the E. coli Fur regulon,
since there is a putative Fur box in the gonococcal fbp gene
containing 11 of 16 bases identical to the E. coli consensus
Fur box (37). We also found a putative Fur box within the
probable promoter region of the fipA gene, and in this Fur
box 11 of 16 bases were identical to bases in the E. coli Fur
box consensus sequence (52) and 12 of 16 bases were
identical to bases in the gonococcal fbp Fur box sequence
(37). However, the fipA gene apparently was not regulated
by the E. coli Fur protein, since we found no differences in
the expression of the reassembled fipA gene in E. coli
W311OAlac and its isogenic Fur- derivative, W3110ftrAlac
(data not shown). This may be due to subtle differences in
Fur recognition sequences between E. coli and N. meningi-
tidis or to the presence of the frpA on a high-copy-number
plasmid.
The discovery of meningococcal RTX proteins raises a
number of interesting questions about the genetic arrange-
ment of the fipA and fipC genes, their regulation, and the
role of their gene products in meningococcal disease.
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